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Abstract 
 
   Neutron spectra in high-energy region between 1 and 100 MeV in the shield configuration of the 
anti-proton target station and a 120-GeV proton beam at Fermi National Accelerator Laboratory 
(Fermilab) were determined using the reaction rate data obtained with the multi-foil activation method.  
Two kinds of methods were employed for the determination of neutron spectra: one is the fitting method 
which is newly developed in this work, another is the unfolding method with SAND-II code. The 
calculations were performed using the PHITS. From the comparison between the calculated and 
experimental neutron spectra, it concluded that the PHITS can be used for shielding design of high-
energy proton accelerators.   
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1. INTRODUCTION 
The Japanese and American Study of Muon 
Interaction and Neutron Detection (JASMIN) 
collaboration [1] has been organized to study radiation 
safety issues on ultra high-energy accelerators. The 
experiments have been carried out at Fermi National 
Accelerator Laboratory (Fermilab). The main purpose of 
this study is to perform systematic acquisition of 
shielding data for high-energy accelerators with incident 
proton-beam energies above 100 GeV. One of the goals 
of the study is to measure the associated secondary 
neutron energy spectra. This work presents the results of 
neutron-energy spectra measurements in the energy 
region from 1 to 100 MeV at various locations in the 
target area shielding. The measured neutron spectra were 
compared with calculation results by PHITS code [2] for 
benchmarking.  
 
2. Experiment 
 The experiments were carried out at the anti-
proton target station (Pbar) of Fermilab. The Pbar facility 
is used for anti-proton production by bombarding an 
inconel target with 120-GeV protons. The target is 
surrounded by thick iron and concrete shielding, as shown 
in Fig. 1. 
 In order to determine high-energy neutron 
spectra inside the shielding, the multi-foil activation 
technique was utilized. Activation detectors of 
aluminium, niobium, indium and bismuth were installed 
in the shield assembly as shown in Fig. 1. After the 
irradiations these foils were analyzed by measuring the 
reaction rates of 
27
Al(n, )24Na, 209Bi(n, xn)203-206Bi 
(x = 4~7), 
93
Nb(n, 2n)
92m
Nb and 
115
In(n, n’)115mIn. These 
reactions are sensitive to neutron energies between 0.1 
and 100 MeV. The reaction rates were determined by 
gamma-ray spectrometry using high-purity germanium 
detectors. The details of the experimental procedure are 
given in reference [3]. 
 The reaction rate data include much information 
such as neutron attenuation by the shield material and flux 
distributions, which are described in the first paper in this 
series [4]. Moreover, in this work, we determined neutron 
energy spectra by using the differences of the neutron 
responses among various threshold reactions. The 
determination methods are described in the next section. 
 
Fig. 1.  Cross sectional view of the anti-proton target station at 
Fermilab. Dimensions are shown in units of cm. The 
samples for activation were set at the positions marked 
as squares with crosses. Foil positions were labelled as 
FP01-FP05 (from bottom to top), AG01-AG05 and 
CC01-CC04 (in the proton beam ddirection). FP 
means “Filler Plate” used for mounting the samples in 
the steel shied. AG and CC is abbreviations of “Air 
Gap” and “Concrete Cap”, respectively.  
 
3. DETERMINATION OF NEUTRON 
SPECTRA 
 In this section, based on the reaction rate data, 
neutron spectrum between 1 to 100 MeV at each location 
was determined using two method: fitting method and the 
unfolding method. The fitting method has been recently 
developed for this work. The details of each method are 
described in the following sub-sections.  In the sub-
section 3.3, the neutron spectra determined with both 
methods are compared with each other, and their validity 
is discussed. 
 
3.1 Fitting Method 
 We assumed that neutron energy spectra 
between 1 and 100 MeV could be expressed with a as a 
sum of the two exponential functions 
     EaaEaaEfit 4321 expexp  ,  (1) 
where  is a neutron flux in unit of MeV-1, E is the 
neutron energy and a1~ a4 are fitting parameters, which 
are determined with the non-linear least-squares fit to the 
extant data. An example of the fitting function is shown 
with each exponential component in Fig. 2. The spectrum 
is constructed by smoothly connected both simplified 1/E 
spectrum and the evaporation peak within the range. The 
fitting parameters were adjusted to minimize 2-values 
defined as 
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where R
i
fit and R
i
exp are fitting and experimental 
reaction rates of the ith-reaction, and i is the 
experimental error of the ith-reaction. The values of R
i
fit 
were calculated using 
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Fig. 2.  Shape of the neutron spectrum assumed for fitting 
method. The neutron spectra in the upper and lower 
figures are drawn in the unit of MeV-1 and lethargy-1, 
respectively. The two exponential components are also 
shown in each figure. 
 
In formula (3), i(Ej) is the cross section of the ith-
reaction at a neutron energy of Ej, and Ej is the width of 
neutron-energy bin at Ej.  
 The cross section curves used for determination 
of neutron spectra are shown in Fig. 3.  The cross sections 
[5] were originally evaluated in 1999 on the basis of 
existing experimental data and evaluations.  
 
 
Fig. 3.  Cross-sections [5] used for determination of neutron 
spectra. These cross-sections were originally evaluated 
based on the existing experimental data and theoretical 
calculations. 
3.2 Unfolding Method 
 Unfolding was carried out using SAND-II code 
[6]. As initial guess spectra, the results obtained with the 
fitting method were adopted. The cross-sections shown in 
Fig. 3 were also used for the unfolding. 
3.3 Results 
 Neutron spectrum at each sample location in 
Fig. 1 was determined with the two methods. For 
example, the spectra at CC01~CC04 on top of the 
concrete shield are shown in Fig. 4.  In the figure, both of 
the fitting and unfolding spectra are shown for 
comparisons.  In Fig. 5, the ratios of reaction rates 
calculated from fitting and unfolding neutron spectra to 
the experimental values are shown for all reactions used 
to determine the neutron spectra. Though the detailed 
structure of a neutron spectrum could not be expressed by 
the fitting function, the C/E-values of for the fitting 
method were satisfactory, taking the experimental errors 
into account. This indicates that the fitting function (1) 
which we adopted was valid for expressing a neutron 
spectrum in this energy region. The C/E-values for the 
unfolding spectra were closer to 1 than those for the 
fitting method. It should be noted that the peaks and 
valleys between 30 and 70 MeV in the unfolding spectra 
are probably due to the inconsistencies in the cross-
section data for 
209
Bi(n, xn)
203-207
Bi reactions. We 
presume that these cross section data do not have enough 
accuracy for requirement of neutron dosimetry, and 
further experimental data will be needed for a more 
precise evaluation.  Therefore, in this study, we choose 
the results of the fitting method for further discussion.  
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Fig. 4.  Neutron spectra determined with the fititng and 
undolding methods at the samples locations of CC01-
CC04 on the top of the concrete shield. The thick black 
lines and fine lines show the neutron spectra determined 
using the fitting and unfolding methods, respectively. 
 
 
Fig. 5.  Calculate-to-experimental reaction rate ratios. 
Calculated reaction rates were determined by the 
neutron spectra of fitting and unfolding methods shown 
in Fig. 4. 
4. ANALYSES BY CALCULATION CODE 
 Calculation analysis was performed using a 
Monte Carlo code PHITS. In the calculation, we used a 
two-dimensional model in which the Pbar target, some of 
the devices in the beam tunnel such as a pulse magnet and 
the shield configuration were simplified. The calculated 
neutron spectra at 90º to the proton beam direction are 
shown with the experimental ones determined with the 
fitting method for in Fig. 6. The experimental neutron 
spectrum on the top of the steel shield at 90º, shown as 
AG( =90º) in Fig. 6, was determined by interpolating the 
reaction rate data at AG01 and AG02 since there were no 
measurements at  =90º in the Air Gap. The shapes of the 
calculated neutron spectra at AG( =90º) and CC02 show 
good agreement with the experimental ones. On the 
whole, the calculations tend to overestimate the neutron 
fluxes, and the differences increase with increase in 
shielding thickness. This means that the calculation 
underestimates neutron attenuation lengths of steel and 
concrete. Since the calculated neutron fluxes are 
reasonably more conservative from the view point of 
radiation shield engineering, it can be conclude that the 
PHITS is suitable for shielding design of high-energy 
proton accelerators.  
 
Fig. 6.  Calculated and experimntal neutron spectra at 90º with 
respect to the proton beam direction. Thick lines show 
the measured neutron spectra, and thin lines show 
calculated neutron sectra.  The location of the samples 
are given in Fig. 1. 
 
5. SUMMARY 
 Neutron spectra in the high-energy region from 1 
to 100 MeV for the shielding configuration of the Pbar 
target station were determined using the fitting and 
unfolding methods, based on the experimental reaction 
rate data. The neutron spectra determined by the fitting 
method were compared with the calculation results by the 
PHITS. The comparisons showed that the PHITS is 
suitable for shielding design of high-energy proton 
accelerators. 
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